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Abstract 

A novel method of fabricating low reflectance mirrors has been developed 

based on the photosensitivity of hydrogen-loaded, germanium-doped optical fibers. 

Using a side-writing technique, point-wise refractive index changes have been 

induced in the core of Ge-doped optical fibers via ultraviolet light from a high 

power excimer laser. These refractive index changes cause Fresnel reflections at 

the boundary of the higher photoinduced index change and the lower index in the 

unexposed core. The boundary of the two refractive indices may be considered a 

low reflectance mirror. Several techniques have been explored to characterize the 

Fresnel reflectors including optical time domain reflectometry (OTDR) and spectral 

analysis. In-line, optical fiber Fresnel reflectors have applications as internal 

mirrors in intrinsic Fabry-Perot interferometric (IFPI) sensors and OTDR 

distributed strain sensors. Photoinduced IFPI sensors have performed well as 

temperature sensors, strain sensors, and vibration sensors. Improved 

manufacturing techniques are also discussed for future developments. 

The photoinduced IFPI sensor is inexpensive to manufacture and involves 

little skill, in contrast to the labor-intensive fabrication techniques of conventional 

IFPI sensors. The IFPI sensor has commercial applications in embedded 

structures, high temperature environments, and situations with large EMI 

conditions.
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1.0 Introduction 

In 1978, Hill et al. reported fabricating the first photoinduced optical fiber Bragg 

grating by forming a standing-wave pattern of 488 nm light within a germanium doped 

optical fiber! A Bragg grating in an optical fiber transmits all wavelengths of light except 

for that which satisfies the Bragg condition. Since Hill's discovery, the physical 

phenomena responsible for photoinduced effects in optical fibers has been hotly debated.2-5 

Ouellette et al. classified the photosensitive phenomena of optical fibers into two categories: 

self organized and externally organized.* 

Photoinduced self-organization entails the reorganization of the molecular structure 

of a photosensitive material, such as a Ge-doped optical fiber, without external interaction 

on the material itself. This category includes spontaneous Bragg grating growth first 

demonstrated by Hill. In Hill's experiment, a periodic refractive index modulation was 

created by launching 488 nm wavelength light from an argon laser into a singlemode optical 

fiber.! After a short period of time, 90% of the incident light was reflected from the highly 

organized, refractive index changes in the fiber. This self-organized effect may be used for 

narrow band reflection filters for multiwavelength communication systems and wavelength- 

selective feedback in a fiber laser cavity.>-4 

External organization is a result of induced reorganization in an optical fiber by 

external means. Examples of external organization include side-written gratings,® 

photoinduced birefringence,’ seeded second harmonic generation, wavelength selection 

filters, taps, and mirrors for fiber lasers. Short side-written, Bragg reflectors have also 

been used as optical fiber strain and temperature sensors.° 

Germanosilicate glass (GS) is highly absorptive at UV wavelengths. The absorbed 

light is quantized to discrete levels separated by the energy of a photon. The energy of a 

photon of frequency v is 

E=m, (1.1) 
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where h is Planck's constant (h = 6.63x10-34 J-s). For UV light of wavelength 244 nm, 

the quantization energy level is 8.15x10-!9 J. The photosensitivity of GS is centered 

around one and two photon absorption. From Equation 1.1, it follows that twice the 

number of 488 nm (blue light) photons are needed to reach the energy level of one 244 nm 

photon. Therefore, the blue (488 nm) and green (514 nm) lines are considered two photon 

absorption, and the UV lines are considered one photon absorption. 

This thesis will discuss externally organized, one photon absorption-induced 

Fresnel reflectors. Chapter 2 provides an explanation of the photorefractive phenomena 

and includes fabrication techniques. Different characterization techniques of the 

photoinduced reflectors are discussed in Chapter 3. Chapter 4 incorporates the Fresnel 

reflectors into an optical time domain environment for distributed strain measurements. 

Chapter 5 outlines the applications of the Fresnel markers for different sensing devices for 

detecting temperature, strain, and vibrations. 
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2.0 Photorefractive phenomenon in Ge-Doped Optical Fibers 

This chapter provides an overview of the mathematical and molecular refractive 

index models associated with a photo-exposed optical fiber. The significance of pretreating 

the fiber with hydrogen will also be discussed. The fabrication procedure to induce Fresnel 

reflectors in optical fibers is outlined. 

2.1 #£Refractive Index Models 

This section presents a brief mathematical description of photoinduced, side- 

written, refractive index changes in Ge-doped optical fiber. Refractive index dependence 

will be discussed for nonhomogeneous, anisotropic and absorptive materials. 

Dielectric Medium 
  

E(r,t) ———> Xx —_—— P(7,t) 

      

Figure 2.1 Relationship between the electric field (£), susceptibility (y), and polarization 
density (P). 

When an electric field is applied to a dielectric medium, the medium acts upon the 

field and the output response is a polarization field. Figure 2.1 illustrates the material 

response of a dielectric medium. For a linear, nondispersive, homogeneous material, the 

relationship between the applied electric field and the polarization response may be 

expressed as 

P=YE. (2.1) 
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In Equation 2.1, P represents the polarization density, €g represents the electric permittivity 

in free space, ¥ represents the electric susceptibility, and E represents the applied electric 

field. For a linear, homogeneous, isotropic material, the refractive index, n , may be 

written as® 

I yy n=(E) =(1+x)" . (2.2) 

where the electric permittivity, €, is equal to €9(1 + x). 

The altered refractive index resulting from ultraviolet exposure may be characterized 

as nonhomogeneous. The properties of an inhomogeneous medium are dependent on 

position, r. For an inhomogeneous material, the refractive index may be expressed as 

n =f) = (22) = L+x{7))". (2.3) 

The properties of an isotropic medium are the same in all directions referenced at a 

any point in the medium. Photo-exposed fibers, however are anisotropic. It has been 

shown that both internally and externally written refractive index changes are birefringent.? 

For a nonhomogeneous, anisotropic medium, the relationship between P and E is not only 

dependent on the position r, but also the direction of the vector EF. Each component of P 

for an anisotropic medium is dependent on the linear combination of the three components 

of E by the equation 

P= » VAL)-E 5 (2.4) 
j 

where the indices i, j = 1, 2 represent the x and y components. Yij(1) denotes the 3x3 

susceptibility tensor. When substituted into Equation 2.2, the refractive index also 

becomes a tensor, njj(r). 

For an absorptive material, the relationship between the refractive index and the 

susceptibility may be expressed as 
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  . , - "fp n—ja-=(l+x+jx'), (2.5) 

where q is the absorption coefficient and kg is the wavenumber in free space (Kg = @/co). 

A positive absorption coefficient attenuates light while a negative absorption coefficient 

amplifies light (nonlinear materials). The susceptibility for absorptive material is complex 

and can be expressed by the Kramers-Kronig relations: 

  

, “ 5 y” 5 

x'(v) = 2 | a a0 ds , (real part) (2.6) 
0 

%’'(v) = z| vxls) ds . (imaginary part) (2.7) 

0 

The Kramers-Kronig principle states that any absorption change results in a refractive index 

change.8 The refractive index change resulting from UV absorption is apparent at 

wavelengths far from the ultraviolet photosensitive band where little absorption occurs.? 

Therefore, for a linear, nonhomogeneous, anisotropic, absorptive medium, the refractive 

index is expressed in Equation 2.5 where 

n= nifr,V) . (2.8) 

2.2 Physics of the Photorefractive Effect 

Material absorption is thought to be a result of molecular transitions causes by 

electron excitation and molecular vibration of the glass forming materials and impurities 

introduced during fabrication. Electron transitions are observed in the UV region and 

molecular vibrations dominate the IR region.!° The empirical relationship between photon 

absorption, o, and photon energy, E, in the ultraviolet band may be expressed as 

Oy = C exp a . (2.9) 
oO 
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where C and Epo are empirical constants. Equation 2.9 is known as Urbach's rule.!! 

Figure 2.2 illustrates the spectral loss curve of low OH, germanium-doped silica optical 

fiber. As mentioned in Section 2.1, ultraviolet absorption effects refractive index losses at 

other wavelengths. The UV loss contribution may be expressed by the empirical equation 

~ _154.2x_ -2 4.63 
Cu = 766x460 ~ 19 exP (4:83) ; (2.10) 

where x denotes the mole fraction of GeO>.!!_ While ultraviolet losses contribute little to IR 

absorption losses in low OH fibers, photoexposed fibers contain a large OH absorption 

band especially those pretreated with hydrogen. The effects of hydrogen on the 

photosensitivity of GeO doped optical fibers are presented in Section 2.3. 

In 1958, Garino-Cannina!2 and Cohen and Smith!3 concluded that the color center 

around the wavelength 240 nm was attributed to GeO. More recently there has been much 

discussion on the nature of germanium-silicate glass photosensitivity due to the 

Wavelength (um) 

  

0.5 06 O77 O8091 32 15 2 3 810 
100 eT T T_T TT TTT a a 

b— Absorption loss inf 4 

« infrared region 4 

BSL | 

N 

T
T
 

C
U
E
 

go 

  

      

5 
= i= 7 
“ - 3 
5 E \ 4 

L Absorption loss iN, \ / 4 
a ultraviolet region N } J 

\ 
O1- \ | \ beattenng 4 

= \ \ 3 
C \ J : | 

\ NK - 
0.01 { » ft Noy 

2.5 2.0 1.5 1.0 0.5 0 

Photon energy (eV) 

Figure 2.2 The spectral loss curve of low OH, germanium-doped silica optical fiber.!! 
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telecommunication industry's interest in Bragg gratings.2:14 The actual molecular 

mechanism involved in photoinduced refractive index changes is not completely 

understood. Section 3.2.1 will discuss the color centers model, and Section 3.2.2 will 

detail the germanium defect model. 

2.2.1 Color Centers Model 

The electron excitation and molecular vibration of the glass formers and impurities 

cause wavelength specific light absorption or "bleaching." These color centers may be 

induced thermally, mechanically, or optically and alter the microstructure of the glass. The - 

three color centers GeE', Ge(1), and Ge(2) have been identified using electron spin 

resonance (ESR) as contributing factors in the photosensitivity of GeO-doped optical fiber. 

Figure 2.3 illustrates the absorption bands associated with the three color centers identified 

in GS glass. The GeE’ center 1s considered a hole trap and consists of an unpaired electron 

that forms a trigonal pyramid with three neighboring oxygen atoms. The Ge(1), and Ge(2) 

are considered electron traps and are configured in a tetrahedral structure. The three 

structures are postulated to be mutually supporting.!4 

Ge(2) Ge-X 
  

      
         

218 am 240 nm 

lectron electron ob 
° transfer Ww transier Ge(1) 

0.6+ . Ny Lo 281 nm 

0.4 

0.2+          0 iu i 

180 200 220 240 260 280 300 320 340 

wavelength (nm) 

Figure 2.3, UV absorption bands associated with the GeE, Ge(2), and Ge(1) color 

centers. !4 
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These color centers depend on the stoichiometry of the GS glass. Many optical fiber 

preforms are manufactured by the modified chemical vapor deposition (MCVD) process. 

This process has been associated with the formation of oxygen vacancy, "wrong-bonds" in 

the glass. These wrong-bonds may be represented as X-Y (Ge-Si, Si-Si, and Ge-Ge). 

GeE' center may be formed from these wrong-bonds during the fiber draw through thermal 

and mechanical bond rupture. One and two photon absorption from UV and blue/green 

laser excitation will also break these wrong bonds and form GeE' centers. Photon 

absorption is believed to release electrons which become trapped in acceptor sites and form 

Ge(1) and Ge(2) color centers by the following mechanism: !4 

X-Y <---> Xt+ Yt+e> 

e- + Ge(N) <----> Ge-(N). (2.11) 

Recall that the Kramers-Kronig principle states that any absorption of light results 

in a refractive index change.® The absorption of light at all of the color centers leads to a 

refractive index change by the Kramers-Kronig relations in Equations 2.6 and 2.7. 

2.2.2 Germanium Defect Model 

Defects in glass cause absorption and therefore by the Kramers-Kronig relationship 

change the refractive index of the glass. A glass defect may be thought of as a broken 

bond. Three types of germanium defects are believed to be responsible for the 

photosensitivity of GS glass: GeE', GeO, and GEC. In a "perfect" GeO2-doped silica 

fiber, the germanium is surrounded by four oxygen atoms in the glass matrix. If one of 

these bonds is broken and an electron is trapped in an empty orbital, a GeE' defect is 

formed. The GeE' defect configuration is depicted in Figure 2.4 b. The empty orbital in 

the defect creates a "dangling bond" which is paramagnetic and therefore detectable on an 

ESR. The GeE' defect is present in as-drawn fibers but increases upon exposure to UV 

and blue/green light.2 

The GeO defect consists of a germanium atom bonded to only two oxygen atoms 

and contains two trapped electrons. The GeO defect is illustrated in Figure 2.4 c. This 

defect is not paramagnetic and cannot be detected on an ESR. However, luminescence 
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analysis supports that this defect is responsible for the absorption band in the vicinity of 

245 nm. This defect is also present in the as-drawn fiber.” 

The GEC (germanium electron center) defect 1s composed of a germanium atom 

surrounded by four oxygen atoms with one trapped electron. This defect is represented in 

Figure 2.4 d. The GEC defect is believed to contribute to electron mobility by temporarily 

allowing free electrons to reside in its outer orbital. The free electrons are postulated to 

arise during UV and blue/green laser illumination.” 
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Figure 2.4 a) GO» bond, b) GeE' defect, c) GeO defect, d) GeC defect. 
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2.3 Effects of Hydrogen on Optical Fiber Photosensitivity 

Several successful methods of improving the photosensitivity of optical fibers have 

been explored in the past few years. By increasing the germania dopants in the core, 

induced refractive index changes of 3 x 10-5 have been realized.'5 Subjecting the fiber or 

preform to a reducing environment has enabled index increases up to 5 x 10-4. However, 

germanium-doped optical fibers processed with low temperature/high pressure hydrogen 

have been found to be more susceptible to short wavelength absorption and thus refractive 

index change. Fiber index changes up to 5.9 x 10-3 have been reported with hydrogen 

pretreatment.!6 Hydrogen-pretreated fibers have been able to achieve the largest index 

change yet reported. 

The hydrogen pretreatment process is referred to as hydrogen-loading. During the 

process, hydrogen is diffused into the fiber in a high pressure (20 to 750 atm.) and low 

temperature (21 to 75 °C) environment.!° Temperatures greater than 100 °C are believed 

to cause hydrogen reactions in the fiber which may increase fiber losses. The solubility of 

hydrogen in silica is also greater at lower temperatures.!© The presence of Hp? in the fiber 

causes an absorption band at 1.24 um.!6 

The hydrogen reacts with the Ge-O-Si sites when illuminated with high intensity 

UV light to cause permanent refractive index changes.!5.!17 These permanent index 

changes are believed to be a result of the dissolved hydrogen reacting to Ge sites in the 

glass.!5 Lemaire et al. have also theorized that this technique is capable of forming an 

index increase at every germanium site in the glass versus other index changing methods 

that are dependent on low concentrations of "naturally" occurring Ge defects. With 

hydrogen-loading, refractive index changes are only a function of germanium dopants and 

hydrogen concentration rather than subtle nonhomogenities in the fiber.!5 Greene and 

Lemaire have postulated the increase in photosensitivity under hydrogen loaded conditions 

to be related to the dioxygen deficient centers, =Ge:(2+) and expressed as !7 

=Ge:(2+) + H2 ----> =GeH>. (2.12) 

In Equation 2.12, Hz combines with an oxygen deficient germanium atom that has a 

nonbounded pair of electrons. The =GeHp defect is believed to be the cause of the 
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photoinitiated reaction. The unreacted hydrogen can easily be outgassed either over time at 

room temperature or more quickly at elevated temperatures. 

It has also been experimentally shown that thermal effects directly influence the 

amount of UV absorption in a hydrogen loaded fiber. It is therefore believed that large 

index changes are a result of a complex mechanism that is a function of amount of 

germanium dopants, hydrogen concentration, and UV exposure. !6 

2.4 Fresnel Reflector Fabrication Technique 

The technique employed to fabricate the original Fresnel reflectors is illustrated in 

Figure 2.5. A high power excimer UV laser beam is focused down to a spot with 

dimensions 3 mm x 1 mm using a cylindrical lens and is incident on a hydrogen-loaded 

optical fiber. 

optical fiber 

\ 
lens 

  

KrF Eximer Laser 
    

Figure 2.5 Fresnel reflector fabrication technique. 

Two sets of singlemode fibers were exposed by the method outlined above. All of 

the fibers were loaded with 2.8% molecular hydrogen and then exposed with a KrF 

excimer laser emitting at a wavelength of 248 nm and pulsed at 20 ns. The first set of 

fibers consisted of one AT&T standard telecommunication (3-D) fiber, one AT&T 

depressed clad fiber, and one AT&T accutether (TV) fiber, so named for tethered vehicle 

(TV) applications. These three fibers were exposed at the same time in two different 
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locations along the fibers. The laser was operating at a fluence of 400 mJ/cm2 per pulse, 

and each exposure lasted about 20 minutes. The second set of fibers entailed the exposure 

of one TV fiber. In future references, the TV fiber in the first set of exposures will be 

referred to as TV, and the TV fiber in the second exposure will be designated TV2. The 

TV> fiber was exposed with a laser fluence of 550 mJ/cm? per pulse for approximately 5 

minutes at two locations 15 cm apart. According to the literature, an index change of about 

0.006 was expected for both sets of fibers!® given the Hz concentration, Ge concentration, 

and exposure conditions. 

A proposed improved fabrication method consists of a micro-slit to mask the 

exposed region at a precise point as depicted in Figure 2.6. A razor-edge micro-slit will 

ensure a sharp perpendicular boundary at the photoinduced refractive index change. An 

ideal slit would have a width less than the operating wavelength of the waveguide, so that 

the refractive index change in the exposed section of the fiber would also be less than the 

operating wavelength of the waveguide. The reduction of the photoexposed region along 

the fiber will decrease the losses due to scattering, absorption and polarization rotation in 

the exposed region. The growth of the Fresnel reflector should be monitored with an 

optical spectrum analyzer (OSA) to observe the OH absorption band formation and also 

with an OTDR to insure formation of a Fresnel reflection. These two methods of 

characterizing photoinduced perturbations are described in Chapter 3. 

optical fiber 

slit N, 

lens 

\ 
  

KrF Eximer Laser 
    

Figure 2.6 Improved fabrication technique. 
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The diffusion techniques of applying high temperatures to an optical fiber to diffuse 

the core dopants into the cladding were also attempted to fabricate low reflectance mirrors 

without success. This method of fabrication decreases the refractive index of the core in 

the heat-applied region. While a CO? laser may be employed to apply heat to a small 

localized area, controlling the heat conduction in the fiber, and thus the dopant diffusion to 

create a sharp refractive index boundary is especially difficult. 
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3.0 Characterization of Fresnel Reflectors 

Each localized photoinduced refractive index change in the fibers may be thought of 

as two internal dielectric boundaries as illustrated in Figure 3.1. Whenever a light wave is 

incident upon a boundary between two mediums with different refractive indices, part of 

the incident wave is transmitted and part of the incident wave is reflected. The amount of 

light reflected may be described in terms of the refractive indices at the boundary by the 

Fresnel equation: 

  

n,—n,\ R= (ie ; (3.1) 

where n, and ng denote the refractive indices of the first and second medium respectively. 

R is the intensity reflection coefficient and is related to the field amplitude reflection 

coefficient, r, by the equation 

R= Ir, (3.2) 

where r= E,/E;. For a lossless, nonabsorptive medium, R + T= 1 where T represents the 

intensity transmission coefficient. The field amplitude equation is written as 

Ini? +1212 = 1, (3.3) 

where t represents the amplitude transmission coefficient (T = ItI2, and t = E,/E; ). 

A dielectric boundary may be thought of as a low reflectance mirror since part of the 

incoming light is reflected. As shown in Figure 3.1, each Fresnel reflector has effectively 

two interface boundaries. The reflectance of an ideal (perpendicular boundary) 

photoinduced Fresnel reflector is the sum of the reflection coefficients from each of the two 

boundaries. Ideally, the reflection coefficients at the photoinduced boundaries are the 
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same. The total reflection from one Fresnel reflector may be stated as 

  
_ 2 

R=R+R=AF "2 (3.4) 

Since each of the fibers was exposed at two different locations on the fiber, the total 

reflected light intensity may be approximated by the sum of four Fresnel reflections at each 

of the boundaries by the equation 

N,N, 2 

Roa = Ri + R, + Ry + Ry =4 7, +n,} ° (3.5) 

Equation 3.3 assumes that each Fresnel reflection, Ri, was fabricated under similar 

conditions to insure that the refractive index of the photoexposed regions is constant. 

Boundaries of Refractive Index Differences 

f/f \ 

y 
    

  

Figure 3.1 Schematic of a photoinduced reflector illustrating the Fresnel reflection at the 
two boundary interfaces. 

This chapter details several tests performed on the photo-exposed fibers to 

characterize the photoinduced Fresnel reflectors. These characterizations include optical 

spectrum analysis, OTDR identification, visual inspection, and reflection analysis. 

3.1 Optical Spectrum Analysis 

The photoinduced Fresnel reflectors were analyzed on an optical spectrum analyzer 

(OSA). An OSA provides intensity information of an input signal with respect to 
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wavelength. This characterization setup is depicted in Figure 3.2. Each fiber was injected 

with a broadband white light source. An OSA plot of the TV, fiber is presented in Figure 

3.3. The spectrum has been normalized with respect to a 1300 nm singlemode optical fiber 

injected with the same white light source. Notice the 2 dB dip at 1390 nm. This is a 

characteristic loss region due to OH formation in a hydrogen-loaded fiber after exposure to 

UV light. Prior to UV exposure, the large amount of hydrogen creates an absorption band 

around 1.24 um. Table 3.1 presents qualitative information compiled from the fibers 

tested. Included in this table is the intensity dip in decibels of the characteristic 1.39 um 

hydrogen absorption line.!5 

UV Exposed Region 
  

White Light 
Source oy j OSA 

nd u 
  

      

  

Optical Fiber   

Figure 3.2. Spectrum characterization experimental setup. 
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Figure 3.3 OSA plot of intensity (dB) versus wavelength (nm). The dip in the spectrum 

at 1390 nm is the OH absorption band. This band is indicative of a hydrogen-loaded fiber 

after expose to UV light. 
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Table 3.1 

Results of Qualitative Characterization Tests 

  

OTDR Fresnel 

  

  

  

    

1.39 um Reflection Two HeNe 
Fiber Type Intensity Dip Visible? Markers Visible? 

Depressed Clad 
A = 1.09% 2.5 dB No only one 

3-D AT&T Standard 
Telecomm. 0.5 dB Yes Yes 

A= 0.3% 

TV, Accutether 2 dB Yes Yes 

A= 1.2% 

TV» Accutether 1.73 dB No only one 

A = 1.2%           
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3.2 OTDR Identification 

An optical time domain reflectometer (OTDR) was employed to detect the 

photoinduced refractive index changes in the fibers. A complete explanation of the OTDR 

is presented in Chapter 4. Each of the fibers was mechanically spliced onto a 2x2 coupler 

connected to the picosecond resolution OTDR system, as shown in Figure 3.4. The 

backscattered pulse from the photo-exposed regions was detected in time using the OTDR 

photon counter. Figure 3.5 shows the results obtained from a standard AT&T 

telecommunications grade fiber. Peak | is the reflection from the slightly shorter, unused 

output arm of the coupler, peak 2 is the reflection originating from the splice between the 

second coupler output arm and the test fiber, peak 3 is the reflection from the two refractive 

index markers, and peak 4 ts the reflection from the end of the test fiber. The two markers 

were not discernible on the OTDR because they were located in such close physical 

proximity that their reflected pulses overlapped each other in time. Similar results were 

obtained from the reflectors written in the TV, fiber. 

The results of the OTDR identification analysis are presented in Table 3.1. Only the 

3-D standard telecommunication fiber and the TV, fiber had a strong enough Fresnel 

reflection to be detected on the OTDR. Large photoinduced refractive index changes have 

been linked with large germanium concentrations in the fiber. However, while the 

normalized refractive index, A, of the 3-D fiber was much less than that of the other fibers, 

a large enough refractive index change was established to be detected on the OTDR. The 

normalized refractive index is computed from the core and cladding index of refraction, n 

and nz respectively, by the equation 

  (3.6) 

The parameter A of a fiber indicates the dopant concentration in the core. The significance 

of the 3-D fiber showing a larger refractive index increase over the TV> fiber indicates that 

the refractive index increase via UV exposure may be more dependent on exposure time 

than dopant concentration. The positioning of the fibers in regard to the focal point of the 

lens during fabrication is indicative of the amount of power incident on the fibers. While 

Chapter 3 Characterization of Fresnel Reflectors 20



the TV> fiber was exposed with the laser emitting at a fluence 150 mJ/cm2 greater than the 

operating fluence during the 3-D exposure, the TV fiber may have been out of the focal 

point of the lens. 

OTDR 
  

Photon- 

Laser Counter 

    Q g Splice Refractive Index 

Markers 
C 1 Tube 

XA conte SEG: co 
2 ar Test Fiber 4 

3 

  

  

Figure 3.4 Experimental setup of refractive marker OTDR identification. The test fiber 
was mechanically spliced onto a 2x2 coupler connected to a picosecond resolution OTDR 
system. 
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Figure 3.5. OTDR plots from the standard AT&T telecommunications grade fiber with 
photoinduced markers. Pulses 1 and 2 - Coupler output arms; Pulse 3 - Photoinduced 
marker; Pulse 4 - End of test fiber. 

3.4 Visual Identification 

Light from a helium neon (HeNe) laser at 633 nm wavelength was injected into the 

photoexposed fibers to visually identify the UV exposed areas or "markers". Figure 3.6 is 

a diagram of the experimental setup. The red laser light was visible along the entire length 

of the fibers, particularly in the regions where the polymer coating was stripped away. 

Several techniques, including application of index oils and gels, were tested before the 

index markers were identified by running a cotton swab soaked in acetone over the fiber in 

the region of the markers. A rough measurement of the markers was made with calipers. 

The 3-D and TV, fibers contained two, 2 mm long markers spaced approximately 13 mm 

apart. Only one of the depressed-clad fiber markers was visible. Although the 3-D, TV}, 

and depressed-clad fibers were all fabricated at the same time, the depressed-clad fiber was 

not as lossy as the other two. It is hypothesized that this fiber was located furthest from the 

focal point of the laser beam during exposure which may account for the "weak" index 

change. The TV2 had only one visible marker present. This marker was not readily 
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visible. A summary of the HeNe Fresnel reflector visualization experiments is presented in 

Table 3.1. 

Ultraviolet luminescence has been used by other researchers to locate refractive 

index boundaries in optical fiber preforms. Refractive index discontinuities will fluoresce 

when exposed with UV light. This procedure was attempted on the photoexposed fibers 

and viewed under a stereo microscope. This method was unsuccessful in identifying the 

refractive index boundaries possibly due to the small dimensions of the fiber and extremely 

small index change. 
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Figure 3.6 Experimental setup for the HeNe visualization test. 
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3.5 Reflection, Absorption, and Transmission Analysis 

A reflection, absorption, and transmission analysis was performed on the 

photoexposed fibers. The measurement apparatus is depicted in Figure 3.7. A function 

generator was used to modulate the laser diode, and a lock-in amplifier was used to 

improve the signal-to-noise (SNR) ratio of the detection circuitry. The transmitted power 

through the test fiber is denoted P;. The unused leg of the coupler and the end of the test 

fiber were both dipped in index matching liquid to prevent unwanted back reflections. The 

reflected signal from the Fresnel reflectors was measured at port 2 of the coupler and 

denoted as Pgevice- The test fiber was then cut between the splice and the device, and the 

reflected power denoted as P,. The transmitted power at the cutback point was measured 

and is denoted Pin. The normalized transmitted power, Ptrans, may be expressed as 

Ptrans = 10 log[P;/Pin]. (3.7) 

The normalized reflected power, Pref, may be expressed as 

Pref] = 10 log[(Pdevice - Pc)/Pin]. (3.8) 

Table 3.2 summarizes the results of these measurements. The fibers were extremely lossy. 

It is believed that most of the losses in the fiber are a result of scattering in the 

photoexposed regions. 

Table_3.2 

Results of the Reflection, Absorption, and Transmission 

  

  

  

          

Analysis 

Fiber Prefl Ptrans Yo Prefi Jo Ptrans | % Ploss 

TV -78.8 dB -33.0 dB 0.012% 2.227% 97.76% 

3-D -76.9 dB -34.0 dB 0.014% 2.00% 97.98%       
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Figure 3.7 RAT test experimental configuration. 
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4.0 Optical Time Domain Reflectometry 

As first mentioned in Chapter 3, a Fresnel reflection occurs at a boundary having a 

discontinuity in the index of refraction. An optical time domain reflectometer (OTDR) takes 

advantage of Fresnel reflections to measure the return of light injected into an optical fiber. 

Using an OTDR, Fresnel reflections may be used to measure optical fiber characteristics 

such as length, attenuation, and defects. The most prevalent use of OTDRs is in the 

communications field where it is used to locate faults in installed cables and for optimizing 

connectors.!9 The basic OTDR consists of a pulsed laser diode, a photodetector, a 

processing unit, and an oscilloscope. A block diagram of this system is depicted in Figure 

4.1. 

In this thesis, a picosecond, high-resolution Opto-Electronics OTDR was employed 

to measure distributed strain using photoinduced Fresnel reflectors. While standard OTDR 

systems have a resolution of about 5 meters, the picosecond OTDR has a submillimeter 

resolution.2° Section 4.1 provides a brief explanation of picosecond OTDR measurements. 

Section 4.2 details the measurement technique of the photon counter detection system, and 

the results of the OTDR experiments are shown in Section 4.3. 
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Figure 4.1 Block diagram of an optical time domain reflectometer system. 
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4.1 OTDR Measurements 

A picosecond, high-resolution Opto-Electronics OTDR measurement setup is 

depicted in Figure 4.2. Light pulsed at 30 kHz from the laser diode is injected into port 1 

of a2 x 2 coupler. The Fresnel reflections from the glass-to-air interface at ports 3 and 4 is 

reflected back through the coupler where it exits at port 2. Port 2 is monitored by a 

photodetector. Information from the photodetector and pulse frequency of the laser diode 

are processed in the TDR 30 processing unit. From this information, the time-of-flight of 

the light pulse injected into port 1, reflected from ports 3 and 4, and then incident upon the 

photodetector at port 2 may be determined. The processed data from the TDR 30 processor 

is displayed on an oscilloscope.2° 

Using the OTDR configuration depicted in Figure 4.2, a precise length 

measurement may be made with a resolution of + 0.2 mm.2° To obtain a precise and 

accurate time delay measurement, the reflected signal has to fit on the oscilloscope display 

in its entirety. As the signal broadens due to dispersion in the fiber, the precision of the 

measurement decreases. It is difficult to pinpoint the exact peak of a broad signal. If the 

signal spreads off the oscilloscope screen, the measured signal will be inaccurate due to the 

OTDR measuring mechanism. 

The steps to obtain a precise time delay measurement are as follows:2° 

1) A "reference" pulse is first centered on the oscilloscope screen. This 

“reference” is often the reflection from one of the output ports of the 

coupler. The "reference" pulse on the oscilloscope is averaged, and the 

time-of-flight is measured on the TDR 30 processor. 

2) The pulse to be "measured" (reflection from fiber end, air-gap splice, 

reflection marker, etc.) is then located and centered on the oscilloscope. 

The "measured" pulse on the oscilloscope is averaged, and the time-of-flight 

is measured with the TDR 30 processor. 

3) After the time-of-flight of the "reference" and "measured" signals have 

both been measured, the processor displays the relative off-centered 

separation time of the two pulses. With the "reference" pulse set at a time of 
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O ns, the total delay time (time-of-flight) of the OTDR laser after it is 

reflected off the "measured" reflection is the addition of PDG delay and the 

processor separation. The delay time may be roughly converted to a fiber 

length using the relationship 10 ps = 1 mm for glass fiber. 
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Figure 4.2 A block diagram of the picosecond Opto-Electronics OTDR. 
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4.2 OTDR Photon Counter 

Occasionally, OTDR measurements are needed on an optical fiber system that is 

inherently lossy. On these systems, the photodetector may not register any power reflected 

back to port 2, pictured in Figure 4.2. In this case, a photon counter is employed. The 

photon counter is a high-speed, silicon avalanche photodiode that is operated in the geiger 

mode for increased sensitivity. 

The photon counter is a nonlinear device. The output of the photon counter is fed 

to the processing unit which is connected to the oscilloscope. The oscilloscope displays the 

information from the photon counter in a 5 level horizontal format. Each one of these 

horizontal levels represents a relative amount of power. Each column on the oscilloscope 

represents a sequential period in time. The period is determined by the sensitivity level. 

Table 4.1 contains the sample time for different sensitivity settings. For example, when the 

photon counter is set on “low" sensitivity, the number of photons hitting the detector are 

counted over a 0.3 ns period. If any photons are detected during the sampling period, a 

“1” is recorded. If no photons are detected, a “0” is recorded. The photon counter samples 

the light over 4 sampling periods. The “1’s” and “0’s” from the 4 sampling periods are 

added, and the result is represented as a point on the oscilloscope with the axes of number 

of photons versus time. Level | portrays the absence of photons arriving at the photon 

counter, while level 5 marks four “1’s” detected on the counter. If the fifth level is a solid 

line, the counter is being saturated (> 1 photon arriving at each of the four counting 

periods).20 To prevent detector saturation, the input light should be attenuated. The five 

photon level detection system may be difficult to analyze at times; in which case, an 

averaging technique is employed to view a smooth curve that represents the power 

distribution of the injected light. 

Due to the sensitivity of the photon counter, multiple reflections may produce 

“ghosts” on the oscilloscope. Imagine points A and B are reflections from connectors. 

Figure 4.3 demonstrates a “ghost” at C formed by the Fabry-Perot cavity between A and B. 

The “ghost” will appear at exactly twice the distance between A and B in time. If the signal 

at C is a “ghost,” index gel between the connectors will decrease the power level at 
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C. One means of identifying a ghost reflection is by pinching the fiber between points B 

and C. If C is a ghost, it will not be affected by the pinch. If C is a feature in the fiber, it 

will decrease in amplitude.20 

The photon counter may be used to measure fiber characteristics in a similar fashion 

to the photodetector described in Section 4.1. However, the photon counter results in a 

broad pulse, and it is therefore unable to achieve the resolution and accuracy of the 

photodetector described in Section 4.1. For accurate results, the entire reflected signal 

must fit on the oscilloscope display. The resolution of the OTDR operating in the photon 

counter mode is about 1 mm. 

Table 4.1 

Photon Counter Sensitivity Settings 

  

Hi 3ns 

Med 0.8 ns 

Low 0.3 ns       
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Figure 4.3 A “ghost” at C formed by the Fabry-Perot cavity between A and B. The 
“ghost” will appear exactly twice the distance between A and B. 

Chapter 4 Optical Time Domain Reflectometr) 34



4.3 Distributed Strain Measurements 

The detection of low reflectance mirrors with the OTDR has applications in 

distributed sensing of large structures. Previously, an OTDR was used to determine 

average Strain in optical fibers by measuring delay time changes between two mechanical 

air-gap splices.2! Strain, €, is defined as the ratio of the elongation of the fiber (AJ) to the 

total length (Z) of fiber under stress as shown in the equation 

e= Al (4.1) 

The average strain between two reflector sites on the fiber may be calculated from the time 

shift, At, using 

  = At (x5\3 1 (4-.2) 

Here, c is the speed of light, L is the length of the fiber, n is the index of refraction, and "a" 

is the photoelastic constant. Equation 4.2 takes into account the change of group index 

with respect to applied strain. The group index versus strain is a linear relationship, for 

which the slope of the line is equal to the photoelastic constant, "a". The photoelastic 

constant may be determined empirically or from theoretical models.?2 

Low-profile photoinduced markers may be employed to detect strain in a similar 

manner as the mechanical air-gap sensor. This sensor was demonstrated by splicing a 

430.3 cm length of fiber onto the photoinduced markers and then wrapping the fiber 

around two aluminum poles that were clutched in the grips of a load frame. The 

experimental setup is depicted in Figure 4.4. Grease was applied to the fibers where they 

were in contact with the aluminum poles to allow the fibers to slip around the poles and 

distribute the load across the entire length of fiber and not one isolated point. A tensile load 

was applied to the fiber, and a picosecond OTDR measured the reflection shifts of the 

Fresnel markers as the fiber was elongated. The data for three distributed strain tensile 

tests is presented in Figure 4.5. The results show that the Fresnel reflectors produce linear 

and repeatable data. 
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Figure 4.5 Strain versus applied load for 430.3 cm of fiber in tension. 
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An optical fiber is reported to withstand up to 50,000 um strain or 5 %.23 For a 

fiber with an elastic constant, "a", of -0.27, the average strain to fracture a length of the 

fiber 430.3 cm long was calculated from Equation 4.2 to be 20,000 strain or 2% strain. 

Employing Equation 4.1, the 2% strain corresponds to a fiber elongation of about 8.6 cm. 

OTDR photoinduced markers may be multiplexed by cascading them along a fiber. 

A fiber with an array of markers can be attached or embedded in smart structures such as 

bridges and high-rise buildings. Using existing software, the OTDR may be interfaced 

with a PC for portable structural diagnostic testing. Diagnostic testing would be important 

for maintenance and after natural disasters. The benefits of photoinduced reflectors over 

conventional air-gap OTDR reflector sensors include easy fabrication with respect to 

construction time and cost, ruggedness, and low profile dimensions. 
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5.0 Intrinsic Fabry-Perot Interferometers 

In 1988, Lee and Taylor proposed an intrinsic Fabry-Perot interferometric (IFPI) 

sensor fabricated with internal dielectric mirrors for temperature and wavelength sensing.”4 

The sensor monitors the light interference from two internal reflector sites in the optical 

fiber. These reflector sites or mirrors were constructed by arc splicing two single-mode 

fibers together, one of which is coated on the end with 1400 A of TiO2. During 

fabrication, several arc pulses are executed until the desired reflectance and transmittance is 

achieved. 

This IFPI sensor measures both laser frequency changes and temperature changes. 

Laser frequency changes, Av, are related to the phase shift, Ao, of the interferogram by 

_ clad 

Ann (5.1) 
  

where c is the free-space speed of light, is the effective refractive index, and L is the 

mirror separation. As a temperature sensor with a mirror separation of 2.7 cm, a 

temperature change, AT, of 2.4 °C produced a full fringe (27 phase shift).24 The phase 

shift produced by a temperature change may be represented as4 

_|,daLb , ,;dn Ad = Q Gat dear (5.2) 

where dL/aT is the coefficient of thermal expansion and dn/dT is the refractive index 

change with respect to temperature. 

With the advent of photoinduced refractive index changes, a new and simple 

method for the fabrication IFPI internal reflector sites has become available. As described 

in Chapter 2, a fiber need only be exposed to a high power UV laser to create low 
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reflectance mirrors. In this chapter, a model of the photoinduced IFPI will be described 

along with applications of the IFPI as strain, vibration, and temperature sensors. 

5.1 Sensor Model 

The intrinsic Fabry-Perot interferometer, IFPI, is a differential phase sensor. It 

establishes a relationship of the intensity generated by two interfering monochromatic 

waves with their phase difference. As a monochromatic wave propagates through a 

medium with varying refractive indices, its frequency remains the same while its velocity, 

wavelength, and wave number are altered.8 The optical intensity for a monochromatic 

wave where intensity does not vary with time is 

Ir) = | U(r). (5.3) 

Two monochromatic waves of complex amplitudes Uj(r) and U2(r) superimposed via 

interference result in a monochromatic wave of the same frequency and complex amplitude 

may be expressed as 

U(r) = U(r) + Ur) . (5.4) 

Following from Equation 5.4, the complex amplitudes, Uj(r) and U2(r), may then be 

expressed as 

U,(r) = 1°-expl id) . (5.5) 
and 

U(r) = 1?-exp(jo,). (5.6) 

The intensity Equation in 5.4 may now be written as 

Ir) = |Ulr)f =|U,r)f +|U{r)] + Uy) Ur) + Ur) () (5.7) 
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for the superposition of two waves, where I(r) represents the intensity incident on the 

detector. Substituting Equations 5.5 and 5.6 into 5.7, the intensity for two interfering 

monochromatic waves is 

th yal 1=1,+1,42(1,1)") cos(9) , (5.8) 

where @ is the phase of the interference pattern and equal to the phase difference 02 - 07 of 

the interfering waves. The phase of each propagating wave is a function of the propagation 

direction, z, and the wave number, k, where 

k= (5.9) 

Taking U;(r) as the reference wave, 1, may be expressed as 

ob, =—kz. (5.10) 

The phase of a second wave is then measured with respect to 6; and may be expressed as 

o, =~ Kz—d) (5.11) 

where d represents the phase delay distance illustrated in Figure 5.1. The phase of the two 

interfering waves may now be written as 

g=kd= hd . (5.12) 

The intensity in Equation 5.8 now becomes 

121, +1, +2(1,"-L)") cos (22-4) (5.13) 

When the delay distance is a multiple of A, the interference is constructive, and I is 

maximum. When the delay time is an odd multiple of A/2, the interference is destructive 
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and the intensity is at a minimum. For a lossless system, Equation 5.13 may be 

approximated as 

    

1=21,+21cos (2x dj, (5.14) 

where lo = Ty ~ Io. 

Lactector 

4Ig7 

2I15o— 

[ | — 

x 2Xr 3X 

Figure 5.1 Detector intensity versus phase delay distance, d. 

5.2 Fiber and Sensor Birefringence 

Signal fading from birefringence-induced polarization rotation is a major limitation 

of IFPI sensors. In a perfectly circular core of a singlemode optical fiber that does not 

undergo any induced stresses, two degenerate, orthogonal polarization modes exist.26 Due 

to fabrication conditions, the circular symmetry of the optical fiber cores is broken. Shape 

variations of the core and induced stresses alter its symmetry to more of an elliptical 

configuration. The two orthogonal polarization modes now travel with different phase 
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velocities, and the fiber is said to be birefringent. The fiber birefringence, By may be 

expressed as 

Br= Inx - yl, (5.15) 

where n, and ny are the refractive indices of the two polarization modes. In a birefringent 

fiber, the input power rotates between the two polarization modes in a periodic pattern. 

The period of this pattern is referred to as the beat-length, Lp, and may be expressed as 

Lp = MB;. (5.16) 

A typical low birefringent fiber has a By on the order of 10-7 and a beat-length on the order 

of 10 m for a system operating at 1300 nm. A high birefringent fiber has a By ~ 10-4 with 

Lp about 1 cm. In high birefringent fiber, a large birefringence is introduced into the fiber 

intentionally via design modifications such that random inhomogenities in the core are not 

determining factors of polarization.2© This fiber is referred to as polarization maintaining 

fiber. 

Polarization plays a significant role in IFPI sensors fabricated with low birefringent 

(random polarization) fiber. An IFPI sensor system is analogous to a homodyne, coherent 

communication system. A typical IFPI sensor is depicted in Figure 5.2. I, represents light 

reflected from an internal mirror and acts as the local oscillator in the communication 

system. I» represents light reflected from the fiber endface and may be thought of as the 

signal information in the communication system. For this system, the intensity incident on 

the photodetector follows from Equation 5.8 and is expressed as 

I yp) T= 1, +1,+2(1,".4,"} cos () cos (6) . (5.17) 

Cos(@) is the polarization misalignment between the two interfering signals and may be 

calculated from the expression 

U,-U, = (5.18) 
|U, || U2| 

cos (0) 
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where U7 and U2 are defined in Equations 5.5 and 5.6. Substitution Equation 5.18 into 

Equation 5.17, the intensity may be expressed as 

121, +1, +2(1,-1)") cos? (6). (5.19) 

If the polarization states of U; and U2 are orthogonal to each other (6 = 90°), the 

interference fringes completely fades, and the information is lost. Polarization fading is not 

a problem with extrinsic Fabry-Perot interferometric (EFPI) sensors with air cavities. The 

polarization of the electric field does not usually rotate in air; and thus, the sensing signal in 

an EFPI maintains the same polarization as the reference fiber. 

Photoinduced Fresnel Reflector 

  

    

  

  

Optical Fiber 

Figure 5.2 IFPI sensor cavity. The cavity is composed of the region between the 
photoinduced Fresnel reflector and the fiber endface. The phase delay distance d is equal to 
2L. 

5.3 Temperature Sensor 

Fiber optic IFPI temperature sensors possess several benefits over conventional 

thermometers and thermocouples. Optical fiber sensors are immune to electromagnetic 

interference (EMI), their response time is only limited by receiving electronics, and they 

possess high sensitivity. Figure 5.2 illustrates the photoinduced IFPI temperature sensor 

configuration. For a thin Fresnel reflectance mirror, the photoinduced region produces a 

single reflection label I, in Figure 5.2. The endface of the fiber produces a second 
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reflection I7. The sensor cavity will expand and contract as its temperature changes to 

produce a phase shift as described in Equation 5.14. The number of interference fringes 

due to the phase shift is directly related to the temperature change. 

The photoinduced IFPI temperature sensor was tested by dipping the sensor in a 

bath of water at varying temperatures. This experimental configuration was preferred over 

an oven due to the variability of air convection and the sensitivity of the IFPI. A 

thermometer with a sensing tip of 12.82 mm was employed to measure the temperature of 

the water. As the JFPI was dipped into the water bath at different temperatures, the 

interference intensity was monitored on a LeCroy oscilloscope. Figure 5.3 shows 

temperature fringes obtained from the IFPI when it was dipped in a 4 °C water bath. The 

top curve is an expansion of the bottom curve. The curve may be thought of as having 

three regions. Region one is distinguished by a large DC offset and periodic fringes. 

Region two is characterized by broader, nonuniform, and nonperiodic fringes. Finally, 

region three contains periodic fringes (broader than those found in region one) 

accompanied by a gradual decrease in DC offset. Region one is associated with the 

temperature change (from 20 °C to 5 °C). Region two is a transition region, and region 

three contains information on the temperature change (from 5 °C to 20 °C ) along with 

evaporation of the water. Due to the unpredictable nature of the water evanescence, only 

fringe data on region one was considered in the experiment. 

The IFPI sensor was dipped into the water bath at variable speeds to ensure the 

fringes were indeed the result of the temperature change and not a function of the dip 

velocity. When the sensor was dipped into room temperature water, the data did not 

resemble anything remotely mimicking Figure 5.3. The sensor did not detect a temperature 

change. The sensor measurement corresponded to the thermometer measurement which 

did not detect a temperature change between the air and the water bath. The room 

temperature test proved that the detected fringes were not caused by a refractive index 

change, sensor vibration, or a cavity set up by a reflection off the water surface, but that 

they were indeed caused by temperature changes. 

The experimental results of the temperature test were compared in Table 5.1 with 

the theoretical predictions from Equation 5.2 (dL/dT = 0.55 x 10-6/°C, dn/dT = -0.6 x 10° 

5/9C,n = 1.47, = 1319 nm, L=7 mm). The experimental results reflect an average 
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number of fringes of several readings at each temperature. A plot of the data is presented in 

Figure 5.4. The IFPI temperature sensor has the ability to achieve quarter fringe resolution 

which translates to a temperature resolution of 0.2 °C. The small discrepancies in the 

experimental and theoretical value may be a result of the inability of the thermometer to 

respond quickly to temperature variations. Also, the number of fringes is largely 

dependent on the capability of the operator to discern a fringe. Only smooth periodic 

fringes preceded by a DC offset were counted in these experiments. 

In these experiments, signal fading was nonexistent at smaller temperature changes, 

as shown in Figure 5.3. While polarization rotation was evident at larger temperature 

changes, it did not corrupt the measurements. Figure 5.5 shows the signal fading for AT = 

62 °C, yet the smoothness and periodicity of the fringes is preserved. While the fiber 

birefringence did not present a major signal processing problem in these experiments, the 

next generation of IFPI sensors could be fabricated with 3M single-polarization fiber (PZ 

series) that supports one and only one mode.2’ This fiber is preferred over traditional 

polarization maintaining fiber (PM fiber) which requires special injection conditions to 

prevent excitation of both polarization modes. PZ fiber does not require complicated 

alignment procedures and can be interfaced easily into existing fiber optic systems. 

Table 5.1 

Temperature Data of the IFPI Sensor 

  

  

  

  

  

  

  

    

Average Number Number of 
Water Bath of Experimental Theoretical 
Temperature AT Fringes Fringes 

4 °C 16 °C 18 19.2 

5 °C 15 °C 15 18 

8 OC 12 °C 12 14.4 

9 °C 11°C 6.75 13.2 

70 °C 50 °C 55 60 

82 °C 62 °C 71 74.4 

94 °C 74 OC 90 88.8           
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Figure 5.3. Temperature fringes obtained from the IFPI when it was dipped in a 5 °C 

water bath. Region 1 = AT data; Region 2 = transition; Region 3 = temperature change (5 

°C to 20 °C ) along with evaporation of the water. 
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Figure 5.4 Results of IFPI temperature sensor test. 
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Figure 5.5 Presence of signal fading for AT = 62 °C. 
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5.4 Strain Sensor 

A photoinduced IFPI sensor, configured with the same sensor cavity as the 

temperature sensor discussed in the previous section and shown in Figure 5.2, was 

mounted with 5-minute epoxy next to a foil strain gauge on a cantilever beam. Referring to 

Figure 5.6, the beam was flexed a known displacement at the tip. The signal from the foil 

strain gauge was amplified with a bridge amplifier and displayed on an analog meter. The 

IFPI signal was amplified with an Oriel preamplifier and displayed on a LeCroy 

oscilloscope. 

The oscilloscope output of the IFPI sensor after the cantilever beam was displaced 

20 mm at the tip is depicted in Figure 5.7. The fringes are increasing in intensity due to 

polarization rotation. The strain of the sensor is directly related to the number of fringes. 

Referring to Equation 5.13, the intensity goes through a periodic fringe when the delay 

distance is a multiple of A. The total delay distance, d, of the IFPI sensor cavity is equal to 

2L as shown in Figure 5.2. The delay distance or cavity elongation, Al, may be expressed 

as 

Al= A} x (number of fringes). (5.20) 

The experimental strain 1s then give by the following equation: 

e=T=\57 x (number of fringes). (5.21) 

The resolution results of the IFPI are based on the accuracy at which a subfringe may be 

counted (about 1/4 of a fringe) and the length of the sensor cavity. The resolution of the 

sensor used in this experiment (L = 7 mm) is 24 strain as calculated from Equation 5.21. 

The theoretical strain was calculated from the expression 

e = 15. YU(Lx, . %2| . (LX, - Xi) (5.22) 

where the parameters L, T, Y, X1, Xo, and g are illustrated in Figure 5.8. 
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The results of the strain experiment are tabulated in Table 5.2. The error experience 

with the IFPI sensor may be attributed to the adhesion quality of the sensor to the beam. 

The discrepancy between the foil strain gauge measurement and the theoretical strain was 

due to the analog meter that could only be read with an accuracy of 25 strain. 

Coupler 
    Sask) 

    

     

    

       

Index Matching 
Liquid 

Foil Strain Gauge 

   Stationary 
Base   

IFPI Sensor 

  

  

  

        

Bridge Amplifier 
and Meter     

Figure 5.6 Cantilever beam instrumented with a foil strain gauge and a photoinduced 
IFPI sensor. 
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Table _ 5.2 

Results of Strain Measurements 

  

  

  

  

  

  

              

  

      

    

    
  

Foil Strain 
IFPI Sensor Gauge Theoretical 

Tip Displacement | Measured Strain | Measured Strain Strain 

5.0 mm 118 strain 200 strain 145 strain 

10.0 mm 212 strain 300 [strain 290 LUstrain 

10.7 mm 259 Ustrain 350 [strain 310 Ustrain 

15.0 mm 342 strain 500 strain 435 ustrain 

17.1 mm 408 strain 550 ustrain 496 strain 

20.0 mm 471 strain 600 [strain 580 [strain 
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Figure 5.7 The oscilloscope output of the IFPI sensor after the cantilever beam was 
displaced 20 mm at the tip. 
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Figure 5.8 Theoretical calculation of strain for a cantilever beam. 
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Figure 5.9 Strain results of a cantilever beam. 
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5.4 Vibration Sensor 

A photoinduced IFPI sensor, with a sensor cavity composed of two Fresnel 

reflectors shown in Figure 5.10, was mounted next to a foil strain gauge on a cantilever 

beam. Referring to Figure 5.6, the beam was flexed and released to allow it to vibrate at its 

resonant frequency. The signal from the foil strain gauge was amplified with a bridge 

amplifier, and the IFPI signal was amplified with an Oriel preamplifier. After 

amplification, both sensor signals were captured on an oscilloscope. The vibration data 

obtained in the time-domain is shown in Figure 5.11. The fast Fourier transforms, FFTs, 

of the time-domain data in both the foil strain gauge and the IFPI is presented in Figure 

5.12. The foil strain gauge measured a first vibration mode at 9.8 Hz, and the 

photoinduced IFPI measured a first vibration mode at 9.6 Hz. The IFPI also detected the 

second harmonic at 19 Hz and the third harmonic at 28 Hz. 

Photoinduced Fresnel Reflector 

  

  

  

  

Optical Fiber 

Figure 5.10 Sensor cavity of vibration sensor. 
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Figure 5.11 Oscilloscope data from a) the foil strain gauge and b) IFPI vibration 
sensors. 
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Figure 5.12 The fast Fourier transforms, FFTs, of the vibration data for a) the foil 
strain gauge and b) the IFPI. Both sensor had a first harmonic at about 9.8 Hz. 
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6.0 Conclusions 

6.1 Summary 

A novel method for fabricating low reflectance mirrors has been developed based 

on one photon absorption in Ge-doped silica glass. The fabrication technique involves the 

exploitation of the photosensitivity of GS glass to induce large refractive index changes in 

the core of an optical fiber. Several methods were discussed on characterization techniques 

of the Fresnel reflectors including spectral absorption and OTDR methods. 

The photoinduced Fresnel reflectors were shown to perform well as an OTDR- 

based distributed strain sensor, an IFPI-based temperature sensor, an IFPI-based strain 

sensor, and an IFPI-based vibration sensor. The temperature sensor had a resolution of 

0.2 °C, and the strain sensor had a resolution of 24 Ustrain. While signal fading due to 

polarization rotation is an inherent drawback of IFPI sensors, it did not contribute to any 

major signal processing problems. The one draw-back of the IFPI sensor is the large 

amount light loss in the photoexposed region most likely due to scattering. The advantages 

of the photoinduced IFPI sensor over existing IFPI sensors include minimal operator 

involvement during fabrication, no mechanical parts, high strength, and low profile 

dimensions. 

6.1 Future Directions 

This thesis presents initial ideas and experiments toward the development of 

photoinduced Fresnel reflectors. As mentioned in Chapter 2, future fabrication techniques 

would involve better control over the photoexposed region by placing a slit between the 

cylindrical lens and the fiber. The growth of the Fresnel reflector should be monitored 

with an OSA to observe the OH absorption band formation and also with an OTDR to 

insure formation of a Fresnel reflection. It is believed that a more controlled fabrication 

method will prevent the large losses presently observed. 
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While the fiber birefringence did not present a major signal processing problem, the 

next generation of IFPI could be fabricated with 3M fiber that only supports one 

polarization mode. This 3M fiber supports one and only one mode and is preferred over 

traditional polarization preserving fiber which requires special injection conditions to 

prevent excitation of the degenerate mode. 

Future applications of this work include the incorporation of photoinduced low 

reflectance mirrors into the absolute Fabry-Perot interferometric (AFPI) sensor 

system.28,29 
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